Clouds are a key modulator of the Earth energy budget at the top of the atmosphere and at the surface. While the cloud top height is operationally retrieved with global coverage, only few methods have been proposed to determine cloud base heights (z base ) from satellite measurements. This study presents a new approach to retrieve cloud base heights using the Multi-angle Imaging SpectroRadiometer (MISR) on the Terra satellite. It can be applied if some cloud gaps occur within the chosen distance of typically 10 km. The MISR cloud base height (MIBase) algorithm then determines z base from the ensemble 5 of all MISR cloud top heights retrieved at a 1.1-km horizontal resolution in this area. MIBase is first calibrated using one year of ceilometer data from more than 1500 sites within the continental United States of America. The 15th percentile of the cloud top height distribution within a circular area of 10 km radius provides the best agreement with the ground-based data.
C Figure 1 . Schematic depiction of a cloud field observed from different viewing angles during the satellite overpass. Ceilometers, here represented as a cylindrical box, provide ground-based measurements of cloud base heights which can be used as reference. Lau et al. (2012) suggest a new approach to determine z base utilizing the Multi-angle Imaging SpectroRadiometer (MISR) on the Terra satellite. For a preliminary case study, they chose the observations from island Graciosa, Azores, Portugal, for which they compared cloud top height (z) retrievals from MISR to collocated and coincidental lidar measurements. Under the assumption that the cloud vertical extent varies horizontally within the cloud, they retrieve z base by identifying the lowest cloud top height in the height profile provided by MISR. The reference cloud base height (ẑ base ) is retrieved from the lidar signal by 5 visual inspection of the backscatter coefficient in a time-height cross section over a period of about five hours. They selected 12 cases which show a promising agreement between MISR and lidar retrievals.
We build on the approach proposed by Lau et al. and develop an automatic retrieval method to derive z base from MISR measurements. Parameters employed in the retrieval scheme are derived from coincident ceilometer measurements over one year in the continental United States of America (USA). The performance of the z base algorithm is demonstrated by an evaluation with other case leads to a non-retrieval. Table 1 summarizes possible combinations of retrievals from the two camera pairs and their corresponding attribution within the stereo-derived cloud mask.
MISR z is given in meters above the World Geodetic System 1984 (WGS 84) surface. To calculate the height above ground level, we subtract the average scene elevation which is provided within the Ancillary Geographic Product for each pixel.
The MISR z product is expected to be superior to z products from other passive instruments. It does not depend on any 5 auxiliary data and it is not sensitive to calibration. Therefore, it is not granted that the application of MIBase to z retrieved by techniques other than the geometric approach would yield similar results. Table 1 . Classification scenarios of MISR retrievals. The cloud height obtained using the nadir and the 26.1 • forward viewing camera pair (denoted by FWD) and the cloud height obtained using the nadir and the 26. reference data to which the z base derived from the satellite cloud heights is compared. First, METAR data from 2008 are used to estimate parameters used in the z base retrieval algorithm to create the MISR Cloud Base height algorithm (MIBase). Second, to validate the "tuned" algorithm, METAR data from 2007 are applied for a statistically independent comparison. For a total of 1510 ceilometer stations, collocated and coincidental satellite-based z base retrievals could be found (see below for exact definition). A distribution of the locations can be seen in Fig. 2 .
3 Cloud Base height retrieval
The MISR Cloud Base height retrieval (MIBase) algorithm, which derives z base from the MISR z product, is developed and calibrated with collocated METAR data for defining the involved parameters and preconditions. The first section of this chapter introduces the retrieval principle on the basis of a case study. By comparison with METAR ceilometer measurements from 2008, parameters used within MIBase are estimated, namely the radius R c of the MIBase retrieval cell, the minimum number of valid cloud pixel N and the percentile P of the z distribution.
Method
We assume that the information on the z base is included in the distribution of the z retrievals from the MISR cloud product for a specific area of limited size. This assumption is valid in a cloud scene with a homogeneous z base and a heterogeneous z similar 5 to the one schematically depicted in Fig. 1 . Especially at the edge of a cloud where the cloud is thinner, z can serve as a proxy for z base . To ensure that the thinner edge of the cloud is within the observed MIBase retrieval cell, the considered area needs to be large enough and the cloud field needs to be broken. The inherent assumption of a homogeneous z base over a certain area presupposes a horizontally constant lifting condensation level. This is in particular given in a well mixed boundary layer or a homogeneous air mass away from the proximity of a frontal zone, where advective motion could introduce temperature or 10 humidity gradients across the horizontal plane.
In order to derive z base from the z product, the following steps, which are outlined in Fig. 3 , are undertaken. First, a retrieval cell has to be defined. For the comparison to the ceilometer measurements, we consider a circular area with the radius R c around its midpoint at a ceilometer station. In order to estimate the magnitude of R c , we consider the following: METARẑ base retrievals are representative for a time window of 30 minutes. Within this time window and at a typical wind speed of approximately 15 10 ms −1 , a cloud would shift its position about 20 km in the wind direction. Therefore, the magnitude of R c should be on the order of kilometers. The impact of R c on the retrieved z base and, therefore, the deviation from the ceilometerẑ base is discussed below. When we apply the algorithm to retrieve a global estimate of z base , we use a regular lat-lon grid of 0.25 • (cf. Section 5).
This grid size corresponds to a meridional length of the grid boxes of about 28 km and a zonal length ranging between 25 km (25 • N) and 18 km (50 • N), taking the continental U.S.A. as an example. A greater MIBase cell increases the chance of seeing 20 the thinner part of the cloud. This could lead to a more realistic z base retrieval. In turn, for a smaller MIBase cell the assumption of a homogeneous z base is more realistic.
For each grid cell or circular MIBase cell, the enclosed z retrievals from the MISR cloud product are processed further.
MIBase only selects those z retrievals which are marked high confidence cloud (hcc) according to the stereo-derived cloud mask. A consideration of retrievals marked low confidence cloud has shown a decrease of the correlation with the ceilometer 25ẑ base . An example of a cloud field with z retrievals and the corresponding stereo-derived cloud mask for 21 August 2015 at the International Airport of Atlanta, Georgia, USA, is presented in Fig. 4 (left, middle).
For some scenes, the distribution of z reveals extended height ranges with no z retrievals between two or more local maxima.
Such cases suggest multi-layer cloud scenes if the apparent gap between adjacent z retrievals is of sufficient size. If such a gap h gap is greater than 500 m, the algorithm distinguishes between the cloud layer above and below the gap (cf. Fig. 4 (right) 30 for the aforementioned example). The value for this threshold has been chosen to be close to the specified accuracy of MISR (560 m). By evaluating different vertical cloud layers individually, a z base retrieval for each layer can be derived. Since for most applications the lowest z base is of interest, the lowest detected cloud layer is processed here. For the comparison withẑ base , we restrict ourselves to scenes for which MISR detects only one cloud layer. The occurrence of a broken cloud field is a basic requirement of MIBase. Therefore, at least one z retrieval marked high confidence surface needs to be within the MIBase cell. A complete cloud cover or a high rate of non-retrievals can prevent this criterion from being met. Both scenarios suggest doubtful z base retrievals. Hence, they are not considered.
For each grid cell or circular cell surrounding the ceilometer station, z base is diagnosed from the height distribution of z using a certain percentile P. In principle, P should be as low as possible. However, as a certain measurement noise is expected and 5 a robust result should be achieved, a choice substantially larger than zero is necessary. Another parameter which describes the distribution of z for each scene is the number of valid z retrievals marked high confidence cloud n. A higher n implies a higher observed cloud cover within the MIBase cell. In order to take a meaningful percentile of the z distribution, a minimum n > N is required. A cloud which is horizontally more extended (higher cloud cover) is more likely to pass over the ceilometer, so that there is a higher chance that both instruments observe the same cloud. Therefore, the deviation of z base fromẑ base is expected 10 to decrease for a higher n. The impact of the threshold for N is studied later on.
For certain applications, the cloud vertical extent ∆z might be of interest. Therefore, an estimate of the cloud top height z top is required. In principle, P = 100 should yield the highest point of the cloud. However, analogously to the retrieval of z base , a certain measurement noise is expected, so that P is not chosen to be the extreme value. Without further validation, we apply the 95th percentile rather than the median, as we do not want a height which might be representative for the whole area, but rather 15 an estimate of the highest top of the cloud especially for a heterogeneous cloud top height to estimate ∆z at its most extensive point.
Case study
One of the utilised ceilometer stations is located at the Hartsfield-Jackson Atlanta International Airport. To illustrate the functionality of the presented algorithm, we investigate a particular MISR overpass over this station on 21 August 2015 at 5 around 16:30 UTC. Figure 4 shows the z retrievals for all pixels which are within the circular MIBase cell defined by R c . Here, we exemplarily use R c = 20 km with its midpoint at the ceilometer station. z is given above the WGS 84 surface, which is approximately equal to sea level. The spatial distribution shows a low cloud layer with z between 800 m and 2000 m, which covers most of the area. Another cloud layer appears between 5 km and 6 km. Some pixels with heights above 7 km indicate the presence of a third layer ( Fig. 4, left) . For a few pixels, MISR was not able to determine z. This might be due to the viewing 10 geometry. A retrieval requires valid images from two different cameras, one camera viewing nadir and the other viewing at a 26.1 • angle. In the case studied here, the most missing retrievals are closely attached to high clouds which might lead to shading effects ( Fig. 4 , middle).
The density of the z distribution shows the aforementioned three cloud layers. They are distinguished according to the threshold value for h gap (Fig. 4, right) as illustrated for the bottom and middle layer. For the bottom layer, which is selected 15 for further processing, the number of z retrievals marked high confidence cloud is determined to be n = 621. This number is well above the threshold N which is defined later. z base is then calculated using P = 15 as the preliminary percentile of the z distribution. This yields z base ≈ 1160 m above the WGS 84 surface. The mean average scene elevation for the given area is subtracted from the retrieval to obtain z base ≈ 927 m above ground level. The closest METAR report for this day is from 16:52 UTC. Three heights were reported at 2800 ft (≈ 853 m), 7500 ft (≈ 2286 m) and 23000 ft (≈ 7010 m) above ground level. By 20 adding the station elevation (315 m), the corresponding height above sea level is obtained. This yieldsẑ base ≈ 1168 m and is denoted in Fig 4 (right) . In conclusion, using the preliminary values for P the z base retrieval from MISR is about 927 m above ground level which is 74 m higher than the ceilometer retrieval (ẑ base = (853 ± 15) m). The given uncertainty solely represents the resolution of the METAR reports (Tab. 2). Note that the third layer detected around 7000 m by MISR has also been detected by the ceilometer.
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Parameter optimization
For each considered ceilometer station (Fig. 2 ), collocated and coincidental MISR overpasses from the year 2008 are identified.
The algorithm is then applied as described in the case study (Sec. 3.2 to retrieve z base . All pairs of MIBase z base and ceilometer z base are evaluated to investigate the influence of R c , N and P on the performance of the z base retrieval algorithm and to estimate the most suitable values. For this purpose, the following statistical measures are considered: the slope and intercept of a linear 30 regression, which are ideally 1 and 0, respectively; the Pearson correlation coefficient r (ideally unity); the root mean square number of events n s n max for which z base andẑ base could both be retrieved. n max is the maximum number of events, which is found for N = 1. Middle: The linear correlation coefficient r between z base andẑ base . Right: The RMSE between z base andẑ base . MISR z base is retrieved using the 15th percentile of the z distribution for a 10 km radius around the individual ceilometer measurements. The chosen value for N is highlighted in orange. For further details see text.
(2) and the retrieval bias B defined as MISR can only detect clouds above the threshold height according to Equation 1. To prevent this obvious limitation from0.50 0.55 0.60 0.65 0 20 40 60 80 100 P ronly z base retrievals below a maximum height h max of 3000 m are considered to focus on a cloud range for which the ceilometer retrievals are more finely granulated (below 10000 ft according to Tab. 2).
First, we investigate the influence of the size of the MIBase cell on the comparison of MIBase and ceilometer retrievals.
For this purpose, R c is varied between 5 and 30 km while the other parameters are set to the preliminary values P = 15 and N = 10. With a decreased R c , the correlation between z base andẑ base increases and E decreases (Tab. 3). This is to be expected 5 as the representativity should increase. However, for a lower R c , the retrieval algorithm encounters more situations where at least one of the requirements (at least one high confidence surface pixel is visible and at least 10 valid cloud pixel per layer) cannot be fulfilled, as the decrease in the total number of retrievals indicates. The better agreement between z base andẑ base for lower R c might be due to a relatively larger overlap of the measurement sampling areas of the two instruments and to a better fulfilment of the assumption of a homogeneous z base over smaller areas. For further evaluation, a radius of 10 km is chosen as 10 a compromise between a good agreement in terms of r and E and without having to discard too many retrieval scenes.
Second, the effect of the minimum number of of valid z base retrievals is studied which strongly limits the number of samples for the comparison (Fig. 5 ). With increasing N, initially a slight increase to N = 10 improves the correlation between z base andẑ base and E significantly to a correlation coefficient of about 0.66. A further increase only yields slight improvement of the correlation and E. This slight increase can be explained by the elimination of more complex scenes from the comparison.
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However, for a higher N the trade off is a lower total number of z base retrievals. For instance, for N = 50 only 80 % of possible retrievals yield a valid z base (Fig. 5, left) . Therefore, we select N = 10.
Finally, we consider the percentile threshold used to diagnose z base from the z distribution. Figure 6 shows an evaluation of different percentiles which are applied to derive z base . Percentiles between the 10th and the 15th give the best correlation. The lowest E is achieved for percentiles between the 15th and the 25th. Therefore, P = 15 is chosen for further processing. The 20 fact that very clear and localised minima (maxima) for E (r) are found supports the hypothesis that the z distribution contains information on z base . In summary, the comparison yields the estimated parameters R c = 10 km, the minimum number N = 10 and the percentile P = 15. While the latter two are kept fixed in MIBase, R c is optimised for the intercomparison with point data, i.e. ceilometer measurements. The algorithm can also be applied to larger grids. However, no data for validating extended areas are available. 
Scene limitations
This section investigates the applicability of MIBase by quantifying the amount of cases for which the concurrent conditions 5 allow the successful derivation of a z base retrieval. First, we filter for cases which fulfill the following two conditions: i)
The number of valid z retrievals within the MIBase cell N val must be > 0 and ii) METAR data must be available for the calibration and validation. These requirements are fulfilled for about two thirds of a all considered MISR overpasses over the ceilometer sites (Table 5 ). Furthermore, there are two main conditions which prevent the derivation of a z base retrieval. These are namely apparent clear sky conditions and apparent overcast which is only a limitation for MIBase. Here, we use the phrases 10 "apparent clear sky" and "apparent overcast" rather than "clear sky" and "overcast", respectively, to account for the fact that this attribution is based on instrumental indications rather than known actual sky condition.
For METAR, apparent clear sky is indicated if a METAR message is available, but does not provide a valid retrieval. Note that in case the lowest cloud is above the METAR reporting range (typically 3700 m), it is possible that no retrieval is issued.
Here, such cases would also be attributed apparent clear sky.
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For MIBase, we attribute apparent clear sky to the following configuration of the SDCM: MISR sees the surface with high confidence (N HCS > 0), and has no high confidence cloud in the view (N HCC = 0). This does not have to be an actual clear sky case since it could include low confidence surface or low confidence cloud retrievals for which the declaration is less certain.
In case of invalid z retrievals, it is also uncertain whether clouds are present or not. Furthermore, for MIBase, we attribute apparent overcast to the following configuration of the SDCM: MISR observes a cloud with high confidence (N HCC > 0) and does not observe any surface retrievals with high confidence (N HCS = 0). Again, the scene could include invalid retrievals, or retrievals of low confidence. In about 20 % of all the MISR apparent overcast cases, the corresponding METAR report yields an apparent clear sky case. These could be cases where the cloud cover is mainly above the reporting range of the ceilometer. z base andẑ base retrievals below h max and METAR retrievals above the MISR threshold height (ẑ base >h min ), lead to a further(f)Bias [m] (g)reduction of the number of cases which are used to derive the statistics. Further numbers for specific cases are presented in Table 5 .
With the parameters R c = 10 km, N = 10 and P = 15 derived in the previous section, MIBase is applied to MISR retrievals which are coincident with ceilometer retrievals from the year 2007. These data have not been used for calibration. The joint density of z base retrieved from MISR and ceilometer is shown in Fig. 7 . For lower z base , MISR yields higher heights than the ceilometers. This can possibly be attributed to the threshold height (Equation 1) constraining z base retrievals at the lower end of 5 the height distribution. For z base greater than 1000 m, mean and median MISR heights are lower than the ceilometer. Overall, the bias B is slightly negative (about 60 m; cf. Tab. 4) and the density of the retrieval differences is shifted slightly towards negative values (Fig. 7, right) . Thus, MISR z base retrievals are generally lower than the ceilometer retrievals. This could be due to the different sample volumes. On the one hand, the ceilometer only records point measurements over a period of time, so that the measured sample of the cloud depends on the velocity of the wind. On the other hand, MISR observes the entire circular 10 area defined by R c around the ceilometer location. Chances are that MISR can observe a cloud with a lower base which does not pass over the ceilometer.
The joint density and the density of the retrieval differences appear similar for both the 2007 and the 2008 data sets (Fig. 7) . 
Slope
Scene structure influence
To estimate the influence of the the scene structure on the performance of MIBase, we further exploit the MISR cloud top height product and the MISR Ancillary Geographic Product to investigate characteristics of the terrain height and the cloud field.
To derive a quantity to estimate the variability of the terrain height, we calculate the standard deviation of the average scene 25 elevation, which is provided by the ancillary product at 1.1 km resolution. For each METAR site, the standard deviation is calculated for an area defined by different R c (5 km, 10 km, 15 km, 20 km and 30 km). Typical standard deviations range around a few tens of meters with overall higher standard deviations for greater R c (Fig. S1 a) . When METAR sites with a higher standard deviation of the average scene elevation are excluded from the comparison of MIBase and METAR cloud base height retrievals, the RMSE decreases slightly, the bias slightly increases (towards 0), while the correlation is hardly affected (Fig. S1 30 b,c,d). Thus, the variability of the terrain height has a very small effect on the accuracy of the MIBase algorithm, with a slightly better performance over more homogeneous terrain.
To further investigate the performance of the MIBase algorithm as a function of parameters related to cloud types, we determine RMSE, bias, and the correlation coefficient as a function of z top and the cloud vertical extent ∆z (Fig. S2) . The best correlation is obtained for cloud vertical extents up to 1000 m. The RMSE is also smaller for lower ∆z and for lower z top .
However, the RMSE increases with decreasing z top below about 1000 m. We conclude that MIBase performs best for shallow low clouds. However, further analyses are necessary to increase the sample size of thicker clouds and to include more medium 5 high and high clouds for a more robust analysis of such cloud types. Furthermore, the increased RMSE for very low z top indicates that, for very shallow low clouds in the proximity of the threshold height, MIBase retrievals do not agree as well with the METAR retrievals. This might be due to cases for which MIBase detects a shallow low cloud with z base and z top close the h min when, in fact, the actual cloud base is below h min . MIBase would miss this actual cloud base height because the retrievals below h min would not be marked high confidence cloud. For that matter, we require that the ceilometer retrieval is above the 10 threshold height (ẑ base >h min ). However, if such a near surface cloud was not detected by the ceilometer, a mismatch would result leading to a higher RMSE.
Additionally, we exploit the stereo-derived cloud mask as a proxy of cloud cover fraction to investigate the sensitivity of the MIBase performance to the number of valid z retrievals N val , the number of z retrievals marked high confidence surface N HCS , and the number of z retrievals marked high confidence cloud N HCC within the MIBase cell. We determine RMSE, bias, 15 and the correlation coefficient as a function of N val , N HCS and N HCC normalized by the total number of pixels N tot which the MIBase cell encloses (Fig. 8) . For example, for R c = 10 km, a total of N tot = 265 pixel is processed by MIBase to obtain a unique z base retrieval. For the continental USA, most cases comprise a high portion of valid z retrievals within the MIBase cell. The RMSE, bias, and the correlation coefficient are robust under different choices of N val and N HCS . This suggests that MIBase generally does not depend much on cloud cover fraction. However, for cases which suggest almost apparent clear sky, 20 indicated by high N HCS , RMSE increases and r decreases. This could be due to a lower chance of observing the same cloud in case of less extended clouds. This bias appears to strongly depend on the portion of z retrievals marked high confidence cloud (Fig. 8) . The increased bias for higher N HCC could be explained by the decreasing portion of the thin edge of the cloud compared to the thicker part of the cloud with greater horizontal extent. For instance, the edge of a larger cloud might only be partly within the MIBase cell, whereas the edge of a smaller cloud might be fully processed by MIBase. The clear increase of 25 the bias with increasing N HCC shows potential for a bias correction in the future after a better understanding of the underlying reasons. The bias obtained in this study can have different sources: the different sample volumes of the defined MIBase cell and the ceilometer, biased MISR z retrievals, various scene characteristics. height retrievals below 5000 m are considered to exclude cirrus clouds from the statistics. z top is retrieved analogously to z base by applying the 95th percentile on the z distribution. Taking the difference between z top and z base for each observed cloud scene yields ∆z. The medians of these measures are shown in Fig. 9 .
A sharp and steep gradient of the z base can be seen at most coast lines with a higher z base over land. This seems plausible as boundary layers above oceans are known to be shallower. Exceptions to this rule are the Congo Basin and the Amazon Basin. phenomenon is not as clear. There, the diurnal cycle of surface heating becomes important. MISR on the Terra satellite has a morning overpass over the equator when cloud formation just begins. Taylor et al. (2017) show the diurnal cycle of cloud top temperature (CTT) derived from SEVIRI measurements indicating that the lowest z top occurs between 9:00 and 13:00 local time with the lowest mean CTT at 11:00. and the lowest median CTT at 12:00, close to the overpass time of MISR.
The sampling size varies spatially with a higher number of retrievals in the Arctic region. (Fig. 9 (c) ). This is expected for 5 a polar orbiting satellite with more frequent MISR overpasses in polar regions ( Fig. 10 (a) ). Generally, the causes for retrieval failure are apparent clear sky and apparent overcast situations as discussed in Section 3.4. The frequency of occurrence of such situations varies spatially. For continental dry regions in the subtropics and continental polar regions apparent clear sky conditions predominantly limit the number of z base retrievals (Fig. 10 (c) ). The continental polar regions yield a high number of cases for which the grid cell comprises only high confidence surface retrievals (N HCS =N tot , Fig. S3 ). This poses an even more robust indication of apparent clear sky conditions. However, the boundary layer is typically shallower in polar regions.
Therefore, boundary layer clouds occur likely below h min , so that z base cannot be retrieved by the MIBase algorithm. Predominant apparent overcast conditions limit the number of z base retrievals for midlatitude regions over ocean and stratocumulus regions on the western boundaries of continents in the subtropics. In midlatitude continental regions, a mix of apparent clear sky and apparent overcast conditions limits the number of z base retrievals. In the trade cumulus regions within 30 • N and 30 • S, 5 very high success rates occur ( Fig. 10 (b) ). A visual comparison to the 2011 mean cloud cover fraction derived from MODIS (Suen et al., 2014) indicates the plausibility of the attribution of apparent clear sky and apparent overcast.
To further investigate the plausibility of the seasonal variability of cloud heights, composites over the three year period are presented in Fig. 11 . We distinguish boreal winter season comprising December, January and February ( typically present. Boundary layer clouds are also lower during winter season since the boundary layer is shallower during the cold season. Over ocean an inverse pattern can be observed on both hemispheres. During winter z base and z top are higher than during the summer. Sea surface temperatures show less seasonal variation than air temperatures due to the higher heat capacity of the water. This causes additional instability during winter enhancing convective cloud formation which can result in higher cloud heights. Additionally, the instability during winter can be attributed to storm tracks. During summer, the influence of 5 high pressure systems can limit convection to the maritime boundary layer causing cloud heights to be lower.
Southeast Pacific
The southeast Pacific hosts one of the largest and most persistent stratocumulus cloud decks on Earth as shown by Wood (2012) using data from the combined land-ocean cloud atlas database (Hahn and Warren, 2007) . In this region, cloud cover and cloud thickness have major impacts on the net cloud radiative effect, which raises the importance of studying the heights of these clouds.
Orographically induced fog at the coastal cliff ranging from Peru to northern Chile is the major source of moisture for this region (Pinto et al., 2006) . z base and z top of the stratocumulus clouds near the coast determine the areas where fog can provide water to the environment at the coastal cliff. The cloud heights also affect the ability of the fog to be advected further inland 5 across the cliff. Here, we apply the z base retrieval algorithm to determine the spatial and seasonal variability of z base and z top for the region (see red rectangle in Fig. 9 (bottom right) ). We extend the time window to the full 16-year record of available MISR data (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) . Furthermore, we investigate how well the temporal changes are represented in the global reanalysis ERA-Interim. clearly appear in the north, whereas during austral winter a north-south gradient is hardly visible between 120 • W and 80 • W.
Over land, z base is generally higher except for the coastal line north of 35 • S, where cloud heights are even lower than over ocean. There, the prevailing maritime stratocumulus clouds form orographic fog as they reach the coastal cliff. Similar spatial and seasonal patterns are apparent for z top . Over ocean, the highest z top is about 2500 m, which is observed during austral summer in the northwest of the region. The lowest z top is about 1000 m, which is observed during winter and closer to the coast 20 of northern Chile.
Cloud height comparison between MISR and ERA-Interim
In order to preliminarily assess how well clouds are represented in common reanalysis, we compare MISR derived z base and z top to cloud heights derived from ERA-Interim (Dee et al., 2011) which is provided by the European Centre for Medium-Range
Weather Forecasts (ECMWF). Cloud heights are not a direct output variable of ERA-Interim. Therefore, the cloud liquid water For each MISR overpass and ERA-Interim 18:00 UTC output, the median cloud heights are used to calculate the median cloud heights of each month over the whole 16-year period. The mean difference of the monthly cloud heights is roughly 500 m for both cloud base height and cloud top height, with ERA-Interim yielding lower cloud heights than MISR. Thatz base is lower than z base could be due to the threshold height used to determine the MISR stereo derived cloud mask (Equation 1) which leads to a cut-off of z base retrievals at h min . At the same time the same bias is found between z top andz top . This could
To reveal the annual cycle of the cloud heights, we look at anomalies from the 16-year mean of each time series (Fig. 13 ).
These anomalies of z base andz base as well as z top andz top from their respective mean values agree rather well, thus the amplitude of the annual cycle appears very similar. Figure 13 also shows the anomaly of the sea surface temperature (SST) from its 16year mean value. SSTs are taken from ERA-Interim as well. The peaks of the cloud heights correspond to the maxima of the SSTs. While the highest SSTs coincide with the highest cloud heights during austral summer, the lowest SSTs coincide with 5 the lowest cloud heights during austral winter.
Conclusions
Here, we present a new method to determine z base over a spatial region from satellite based measurements. The MIBase algorithm derives z base from the high spatial resolution MISR cloud top height product z if some preconditions, such as a broken cloud scene, are met. Validation against 1510 ceilometer stations in the continental USA results in a correlation coefficient of 10 0.66 and a RMSE of 385 m for the validation data set (year 2007) . The bias of −59 m even states that MISR sees a slightly lower z base on average. This is possibly due to the larger retrieval cell which is set up for the retrievals from MISR as opposed to the point measurements provided by the ceilometer.
Very few attempts to derive z base from satellite have been performed and evaluated before. Desmons et al. (2013) retrieve ∆z from POLDER measurements. The standard deviation of the difference between their ∆z retrieval and reference data from 15 CPR and CALIOP is about 964 m. However, their method is hard to compare to the MIBase algorithm, since they retrieve ∆z and make a distinction of different types of clouds which is not done in this study. The CBASE algorithm (Mülmenstädt et al., 2018) derives z base from CALIOP measurements even for optically thick clouds. Depending on the circumstances different retrieval uncertainties can be derived. Similar to the study presented here, they compare their z base retrievals with ceilometer data over the continental USA. They obtain RMSEs between 404 m and 720 m depending on the concurrent local conditions of 20 the individual retrievals. The RMSE we obtain for the MIBase algorithm is slightly lower. Even though the two studies make use of a similar reference data base, they measure cloud heights at different times of the day. While CALIOP has an afternoon overpass, MISR has a morning overpass, when more clouds of lesser extent are present. For a more in-depth comparison and validation of the presented algorithm, more cloud height reference observations would be desirable including observations in different climate zones and especially over ocean.
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Within Europe, the European Cooperation in Science and Technology (COST) activity is expected to harmonise the networks of the different weather services (e.g., Haeffelin et al., 2016; Illingworth et al., 2018) , enabling more intercomparisons in the future.
An important strength of MIBase is the geometric approach which is applied to create the z product from MISR measurements. Neither a calibration nor auxiliary data are necessary to obtain the z product which is the starting point for the z base 30 retrieval algorithm presented here. In consequence, retrievals are possible over all kinds of terrain even above ice. A disadvantage is the threshold height which MISR requires to create the stereo derived cloud mask. Therefore, depending on the terrain variability in the vicinity of the measurement, this new z base retrieval method is not capable of deriving z base below at least cannot be retrieved. Therefore, climatologies derived from this algorithm would be biased towards cloud types for which MISR is able to observe the surface through cloud gaps.
Depending on the application, the MIBase uncertainty and the missing coverage of the diurnal cycle can be a limitation.
However, in combination with ceilometer networks, both temporal and spatial patterns can be investigated. The application of 
Appendix A: Sensitivity to threshold height h min
The distinction between surface and cloud retrieval according to the threshold height described by Equation 1 introduces a 20 constraint to the z base retrieval algorithm. Below a height of 560 m for flat terrain, or higher for more complex terrain, z base retrievals are not possible. As an attempt to lower this threshold height, we adjusted H SDCM in Equation 1, so that:
This modification results in a bimodal retrieval density clearly showing a mode consisting of surface retrievals (Fig. A1) .
Therefore, the original threshold height given by MISR has to be applied, in order to ensure that only cloud retrievals are 25 utilized during data processing.
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